Two young males with limb-girdle muscular dystrophy (LGMD) resulting from sarcoglycan deficiency died at 27 (patient 1) and 18 years (patient 2) of severe cardiomyopathy. Genetic analysis showed that they were compound heterozygotes for mutations in the sarcoglycan gene. One of these mutations, an 8 bp duplication in exon 3, was common to both patients. The second mutation in patient 2 was a 4 bp deletion at the splice donor site of intron 2, not reported previously. Patient 2 had more severe heart and skeletal muscle defects with faster deterioration; no sarcoglycans were detected in his skeletal muscle. The second mutation in patient 1, inferred because the unaVected father carries the 8 bp duplication, was not found. In patient 1, both heart and skeletal muscle were analysed and showed reduction of all sarcoglycans in both tissues and incorrect localisation of and sarcoglycans in heart. Therefore mutations in one sarcoglycan gene can disrupt the entire sarcoglycan complex in both skeletal and cardiac muscle. DiVering expression patterns of sarcoglycan components in heart and skeletal muscle could be the result of alternatively spliced transcripts in these tissues. By sequencing an alternative transcript, highly expressed in the heart and skeletal muscle of patient 1, we found an 87 bp cryptic exon not previously reported. Although cardiomyopathy can result from mutations in and sarcoglycans, we show for the first time that the condition can also be caused by mutations in the sarcoglycan gene. This report therefore expands the phenotype of sarcoglycanopathies and suggests that cardiac function in LGMD patients with defective sarcoglycan expression should be monitored.
Sarcoglycans are glycosylated transmembrane components of the large dystrophin associated glycoprotein complex isolated following the biochemical and molecular characterisation of dystrophin. 1 2 The sarcoglycan subcomplex 3 consists of at least four proteins: sarcoglycan of 50 kDa, sarcoglycan of 43 kDa, and and sarcoglycan, both of 35 kDa. Alpha, , and sarcoglycans are expressed exclusively in striated and smooth muscle, while sarcoglycan is expressed ubiquitously, although mainly in skeletal and cardiac muscle. The genes encoding all four sarcoglycans have been identified and mutations in each have been found among patients with limb-girdle muscular dystrophies (LGMD) of variable severity. [4] [5] [6] [7] [8] [9] [10] Sarcoglycans are tightly bound to each other so that mutation in one normally results in partial or total deficiency of all of them. 4-7 11 This has been shown in skeletal muscle but not in heart except in a single patient. This patient had cardiomyopathy and lacked adhalin ( sarcoglycan) and a 35 kDa dystrophin associated protein (presumably sarcoglycan) in the heart, but genetic analysis was not performed. 12 Cardiomyopathy has been reported in patients with LGMD resulting from sarcoglycan deficiency. Some of these patients had mutations in the sarcoglycan gene, 8 while Tunisian patients with cardiomyopathy have been linked to the chromosome 13 locus of sarcoglycan. 13 Following the discovery of a sarcoglycan mutation in the Syrian cardiomyopathic hamster, 14 a sarcoglycan mutation was suspected to be the main cause of cardiomyopathy in humans with sarcoglycanopathies. No sarcoglycan mutations causing cardiomyopathy have so far been reported. Review of our sarcoglycan deficient patients showed cardiomyopathy in a few of them. We analysed the sarcoglycan genes from these patients and in the two with the most severe cardiomyopathy (causing death) we found mutations in the sarcoglycan gene. In one of these patients we were able to analyse a sample of heart. PATIENT 1 This 27 year old male, born to nonconsanguineous parents (fig 1) , was first seen at the age of 15 for mild weakness of the proximal leg muscles. Plasma CK was 2540 U/l (normally <200 U/l). Neurological examination showed proximal leg muscle hypotrophy and pelvic girdle muscle weakness. Muscle biopsy (after informed consent) showed dystrophic features with increased perimysial and endomysial connective tissue, central nuclei, splittings, and a few degenerating fibres. He was initially diagnosed as BMD, but successive dystrophin and dystrophin gene analyses were normal. His condition worsened slowly. Echocardiogram at 23 years showed dilated cardiomyopathy with hypokinetic left ventricle and mitral valve insuYciency. Immunohistochemical analysis showed reduced expression of sarcoglycan.
Subjects and methods
Three years later, three episodes of ventricular fibrillation required intensive care, following which he lost the ability to walk by himself. He was referred for heart transplantation, but died of acute cardiac insuYciency. The heart was sampled shortly after death, after obtaining the consent of the family.
A paternal female cousin (aged 28) of patient 1, daughter of consanguineous parents (fig 1) , had severe myopathy from early infancy which confined her to a wheelchair at the age of 15. She has no symptoms or signs of cardiomyopathy. Muscle biopsy at the age of 7 years had disclosed severe dystrophic features. Unfortunately the muscle specimen is no longer available. The father, two sisters, brother, and a paternal uncle and aunt (father and mother of the aVected cousin) of patient 1 were all clinically normal, had normal CK levels, and normal muscle biopsy. The mother of patient 1 was also normal on clinical examination and had normal CK levels. PATIENT 2 This was an 18 year old male, unrelated to patient 1, born to non-consanguineous parents, and first diagnosed with LGMD at the age of 10. Disease onset at 4 years manifested as mild weakness of the pelvic girdle and proximal leg muscles. CK was 3450 U/l. At the age of 10 a muscle biopsy (after informed consent) showed dystrophic features, including periand endomysial connective tissue proliferation. At the same age the patient underwent Achilles tendon tenotomy and subsequently used calipers for walking. Digitalis therapy was also introduced for defective left ventricle function (ejection fraction 40%). At the age of 15, cardiac arrhythmia was detected after cycling exercise; vital capacity was reduced (50% of 
Figure 2 (A, B, C), (D, E, F), (G, H, I), and sarcoglycan (J, K, L) immunostaining in skeletal muscle from a control (A, D, G, J), patient 1 (B, E, H, K), and patient 2 (C, F, I, L) showing reduced expression of all sarcoglycans in patient 1 and absence of all sarcoglycans in patient 2.
sarcoglycan mutations and cardiomyopathypredicted value for this age). The cardiomyopathy worsened progressively and at 18 years the ejection fraction was 18%. The patient did not respond to therapy and was referred for heart transplantation. A few months later he died of cardiac insuYciency and pulmonary oedema. A heart sample was not available.
IMMUNOHISTOCHEMISTRY
Heart from patient 1 and a control and quadriceps muscle biopsies from patients 1 and 2 were frozen in isopentane/liquid nitrogen and stored in liquid nitrogen until use. Control heart samples were from a patient with cardiomyopathy unrelated to muscular dystrophy who underwent heart transplantation. Immunohistochemical analysis of dystrophin used polyclonal antibodies as described previously. 15 dystroglycan and , , , and sarcoglycans were analysed immunohistochemically on 6 µm cryostat sections using commercial monoclonals (Novocastra, Newcastle upon Tyne, UK); dilutions were 1:50, 1:25, 1:100, 1:25, and 1:25 in PBS containing 10% horse serum. Antibodies were detected with biotinylated horse anti-mouse IgG (Vector Labs, Burlingame, CA, USA), followed by rhodamine avidin D (Vector).
IMMUNOBLOTTING
Cryosections from skeletal muscle and heart biopsies were homogenised in 50 vol SDS extraction buVer (80 mmol/l Tris-HCl, pH 6.8, 10% SDS, 0.115 mol/l sucrose, 1% mercaptoethanol, 1 mmol/l PMSF, 1 mmol/l benzamidine, and 1 mmol/l EDTA) and incubated at 50°C for 10 minutes. Samples were then centrifuged and separated on 10% SDS-PAGE, transferred to nitrocellulose membranes, and immunostained with a mixture of antibodies to , , and or sarcoglycans (Novocastra) diluted respectively 1:20, 1:10, 1:20, and 1:50.
MOLECULAR ANALYSIS
Genomic DNA extracted from blood (QIAamp Blood Kit, QIAGEN GmbH, Germany) was analysed by PCR using oligonucleotide primers flanking the intron-exon junctions of the sarcoglycan gene according to Bönne-mann et al. 16 A total of 100 ng of genomic DNA was amplified in a 50 µl reaction. After denaturation at 94°C for 2.5 minutes, 35 amplification cycles were carried out as follows: 40 seconds denaturation at 94°C, one minute annealing at 55°C, 30 seconds extension at 72°C. For amplification of exon 1, DNA was subjected to touchdown PCR in a reaction mix containing 8% dimethylsulphoxide. The amplification products were analysed by agarose gel electrophoresis and purified by QIAquick PCR Purification Kit (QIAGEN). An aliquot of the PCR product was mixed with 9 µl of stop solution, denatured at 94°C for three minutes, rapidly cooled on ice, and loaded onto 0.5 × MDE/0.6 × TBE nondenaturing gel for single strand conformation polymorphism analysis. Electrophoresis was performed at 80 V for 16 hours in 0.6 × TBE. Aberrant conformers were sequenced on both strands using the same primers as for the PCR amplification using an Applied Biosystems automated sequencer. Purified PCR products were subcloned into a pMOSBlue vector and DNA was sequenced using T7 promoter and U19 primers (Amersham Pharmacia, Rainham, Essex, UK). cDNA, obtained from RNA extracted from skeletal muscle and heart by the phenol-chloroform method, was analysed as for genomic DNA using primers according to Bönnemann et al.
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Results
SKELETAL MUSCLE
Immunohistochemistry showed normal or almost normal dystrophin and dystroglycan expression in both patients; expression of all four sarcoglycans was reduced in patient 1 and absent in patient 2 (fig 2) . All four sarcoglycans were normally expressed in the muscle biopsies of the family of patient 1.
Immunoblotting showed reduced intensity of all sarcoglycan bands in patient 1 and absence of sarcoglycans in patient 2 (fig 3) . HEART Analysis of H&E stained sections from the heart of patient 1 showed normal cardiac morphology. Immunohistochemistry showed normal expression of dystrophin, slight reduction of dystroglycan, major reduction of sarcoglycan, traces of sarcoglycan, and absence of and sarcoglycans (fig 4) . On immunoblotting, all sarcoglycan bands were present but at greatly reduced intensity (fig 3) .
MOLECULAR ANALYSIS
In patient 1 we found an 8 bp duplication 383ˆ384ins376-383 (fig 5) , producing a frameshift and an immediate stop codon; no mutations were found in the second allele. The aVected cousin (V.3, fig 1) was homozygous, and her parents and the father of patient 1 were heterozygous for the same mutation. By sequencing an alternative transcript detected by PCR both in skeletal muscle and heart from patient 1, we found a cryptic exon of 87 bp at position 13281 of the genomic DNA (Accession No Y09781) not previously reported.
A new neutral polymorphism 244-21c>t was detected (on one or both alleles) in the intronic region flanking exon 3 in several members of the family of patient 1 and in unrelated subjects.
In patient 2 the same mutation as in patient 1 was found on one allele, and a 4 bp (GAGT) deletion was detected at the splice donor site of intron 2 (at position 243+3) on the second allele, causing aberrant splicing and a consequent 6 bp insertion (243ˆ244insGTATTT) between exons 2 and 3 ( fig 5) . The patient's father was heterozygous for the duplication and the mother was heterozygous for the deletion.
Discussion
Cardiomyopathy has been reported in patients with mutations in the sarcoglycan gene 8 and in Tunisian patients with sarcoglycan deficiency linked to the sarcoglycan locus. 13 Delta sarcoglycan mutation causes cardiomyopathy in the Syrian BIO 14.6 hamster 14 and is suspected to cause cardiomyopathy in LGMD patients. Several other patients with cardiomyopathy and 
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sarcoglycan mutations and cardiomyopathyaltered sarcoglycan expression have been reported but molecular analysis was not done. 12 17 18 We describe for the first time severe fatal cardiomyopathy in two young patients owing to mutations in the sarcoglycan gene. One of these mutations has not previously been reported. We also detected a new sarcoglycan polymorphism.
The 8 bp duplication 383ˆ384ins376-383 produces a truncated sarcoglycan (at aa 129) lacking most of the extracellular region. The 4 bp deletion causes aberrant splicing and a 6 bp insertion coding for valine and phenylalanine in the transmembrane region, which is important for membrane localisation. Unfortunately, it is not possible to draw conclusions about the specific role of each mutation in the protein product or clinical phenotype, since in both our patients another sarcoglycan mutation was present, although we only have indirect evidence for this in patient 1; the father and other relatives, carrying the 8 bp duplication on one allele, were unaVected. We cannot completely exclude that a mutation in another sarcoglycan may be responsible for the disease in patient 1; however, SSCP analysis of the other sarcoglycans failed to show any abnormal product. We suppose that the second mutation in the sarcoglycan gene of this patient may be in some untranslated regulatory region.
The myopathic cousin of patient 1, who does not have cardiomyopathy, is homozygous for the 8 bp duplication, which cannot therefore be a major cause of cardiomyopathy. This mutation has also been reported in other patients without cardiomyopathy. 19 However, a role of this duplication in cardiomyopathy cannot be completely excluded at present since two sibs of the homozygous cousin of patient 1 died suddenly (fig 1) .
LGMD2E, 20 as a result of sarcoglycan, is characterised by a severe phenotype, 5 16 19 although milder involvement is known. 6 21 22 Patient 1, with partial expression of sarcoglycan (and of the other sarcoglycans) in skeletal muscle, had milder muscle involvement than patient 2 who essentially did not express sarcoglycans. This indicates a possible correlation in skeletal muscle between disease severity and protein quantity, as also suggested by others. 23 We also found altered expression of all sarcoglycan components in the heart of patient 1. This indicates that, in heart as in skeletal muscle, mutations in one of the sarcoglycan genes can cause disruption of the entire complex. Such disruption has been hypothesised in sarcoglycan deficient LGMD patients with cardiomyopathy, but not clearly proven, owing to the diYculty of obtaining heart samples for analysis. Altered adhalin and 35 kDa dystrophin associated glycoprotein expression in the heart was found, but not characterised at the molecular level, in the patient reported by Fadic et al. 12 Reduction of dystrophin associated glycoproteins in the heart, secondary to absence of dystrophin, has also been reported in patients with cardiomyopathy caused by mutations in the dystrophin gene. 24 The immunohistochemical expression of the sarcoglycan complex in the cardiac muscle of patient 1 diVered from that in his skeletal muscle, with lack of and sarcoglycans in heart, and reduced expression of all sarcoglycans in skeletal muscle. However, immunoblotting showed that all four sarcoglycans were present in both tissues, although in greatly reduced quantities, indicating incorrect localisation of and sarcoglycans in the heart. Alternatively spliced sarcoglycan transcripts have been reported in several tissues, including heart and skeletal muscle, 5 6 and at least two additional exons of the sarcoglycan gene have been predicted from sequence analysis, 22 which may contribute to diVerent tissue specific transcripts. We have found a new cryptic exon of 87 bp by sequencing an alternative transcript in skeletal muscle and heart from patient 1. It may be that sarcoglycan mutations aVect heart and skeletal muscle transcripts diVerently and that abnormal sarcoglycan gene products have diVerent eVects on the localisation of the other sarcoglycans in these two tissues. Further studies are necessary to characterise sarcoglycan transcripts in the heart better, in order to elucidate the role of sarcoglycan and its interactions with other sarcoglycans, dystrophin, and dystrophin associated proteins, and to clarify the pathogenetic mechanisms of sarcoglycan mutations in cardiomyopathy. In this regard it is intriguing that most LGMD patients with sarcoglycan deficiency have dilated cardiomyopathy.
A recent hypothesis attributes idiopathic dilated cardiomyopathy to molecular defects in force transmitting proteins and hypertrophic cardiomyopathy to defects in force generating proteins 25 ; this has also been suggested to apply to sarcoglycanopathies. 26 Sarcoglycan disruption in the heart may reduce the capacity of the dystrophin associated glycoprotein complex to transmit force to the extracellular matrix. To verify this it would be of considerable interest to determine the genes responsible for the cardiomyopathy in other sarcoglycan deficient patients and it may also be profitable to search for cardiac alterations in patients with sarcoglycan mutations.
In conclusion, this report expands the known phenotype of sarcoglycanopathies and indicates that LGMG patients with defective sarcoglycan expression should be monitored for cardiac function.
